Introduction 38
Ice loading is an important factor in the design of safe dams in cold climates. In 39 pioneer research, the prevailing wisdom was that it was only changes in reservoir ice 40 cover temperature that generated ice loads at dams (e.g. Drouin and Michel 1971) . Clearly, the harmonization of design criteria has not yet been achieved as we are still 54 grappling with loading mechanism drivers and limitations. One approach for design 55 load assessment is to determine the ultimate load of an ice cover before its instability 56 (Carter et al. 1998 ). Another avenue is through numerical simulation. Parametric 57 studies of historically-measured events can help better understand field processes and 58 help us move forward the objective of harmonization of ice load design criteria. 59
In numerical simulations of reservoir ice loads on dams, the ice cover is often 60 assumed to be isotropic and to consist of one type of ice, although several ice types 61 can be present (often, S2 transversely isotropic columnar ice superimposed by T1D r a f t 4 4 isotropic snow ice, Michel and Ramseier's classification 1971). Unfortunately, there 63 are no constitutive equations for ductile behavior of ice deduced from medium-64 scale/large-scale experiments at low strain rates. And material (rheological) models 65 based on uniaxial small-scale laboratory experiments have to be used for simulations 66 (e.g. Côté et al. 2016) . Sometimes the resulting uniaxial load is increased by 15% -67 20% to account for plane strain conditions (e.g. Lupien et al. 2013 ). In the case of T1 68 ice, it seems to be sufficient to represent ductile behavior of ice cover under lateral 69 confinement. But for S2 ice, it is not. Frederking (1977) shows that, under lateral 70 confinement, due to its transversely isotropic structure, S2 ice becomes significantly 71 stronger (4 times or more) at the strain rates <10 -7 s -1 . Therefore, when loads are 72 amplified as a result of confinement, particularly during increased water levels, it is 73 essential to take into account the correct material behavior of S2 ice. 74
Full ice rheological models contain elastic, delayed-elastic and viscous terms. 75
Calculation of delayed-elastic term is computationally complex for researchers 76 because many commercially-available FEMs (such as ANSYS used here) do not 77 easily track the required ice load history. As a result some investigators use elasto-78 viscous-only (EVO) models for simulations (Petrich et al. 2015 ) and a question arises: 79 "Is it absolutely required to include the delayed elastic term in a model for assessing 80 ice loads on dams?" No comparative study of full and EVO models for static ice loads 81 has been reported in the literature yet. However, Azarnejad and Hrudey (1996) Ice loads are discussed from a numerical/deterministic point of view (Table 1) Sinha's 1D model (1979) was chosen as a primary material model for ice (Table  160 2), because it had been based on good quality experiments that captured elastic, 161 The material models with different parameters that were used in the FEM are 178 designated by "the author of experiments (S or F after Sinha or Frederking)" and "the 179 presence of confinement (UC -UnConfined, or FC -Fully Confined)": S-UC, F-UC, 180 F-FC (Table 3) . Ice thickness and ice type were selected according to each problem. 181
In simulations of the cases confined in one x-direction ("-u"), the ice cover was 182
represented by a 3D solid element with dimensions equal in each direction (h×h×h). 183
In simulations of the cases confined in x-and z-directions ("-b"), the ice cover was 184
represented by a 2D plane strain solid element. The front view for the 3D solid (or 185 structural scheme for 2D solid) is given on the Figure 3 (Table 1) . However, the calculation of idealized thermal ice load from the FEM 239 allows the researcher to isolate and explore the importance of different assumptions 240 such as lateral confinement and ice type. To explore this further, the results of 241 parametric tests are reported in the following section. 242
The importance of ice type 243
The cover on a hydro-electric reservoir has a certain structure that is influenced 244 by the sum of meteorological conditions present during the winter. If winters in a 245 certain region are mild and wet, there will be significant snow ice in the cover. For 246 dams in dry cold climates (e.g., Manitoba), the covers will be primarily composed of 247 columnar ice. Depending on location and weather, the amount of snow ice in the ice 248 cover may vary from ≈ 0% (Comfort and Gong 1999) to 90% (Leppäranta 2015). In 249 addition to snow influencing ice type, it can play a very significant limiting effect on 250 ice temperature dilation rates and therefore on strain rates and therefore on maximum 251 ice loads. 252
The Seven Sisters event is simulated using F-FC-b material model for covers 253 containing only 50% or 10% of S2 ice compared to the previously simulated 100% S2 254 cover. Figure 6 shows that the resulting reduction in peak load is massive (35% and 255 53%, respectively) under these assumptions. 256 The impact of two initial conditions on the ultimate maximum load is shown in 288 the Figure 8a for one diurnal event. The simulated peak loads for the first (-/+200 289 kPa) and second (-/+600 kPa) scenarios are 8% and 25% higher than the maximum 290 load assuming no initial stresses. The reason the simulated peak loads are higher after 291 a cold snap is because the preloading of the ice cover in the bottom half of the ice 292 sheet eventually contributes to the peak load when the top half of the ice has warmed 293 up. Figure 8b shows the stress profile evolution from initial stress distribution (dashed 294 lines) to the stress distribution at peak load (dotty lines) for both the reference event 295
and the -/+600 kPa event. At the time of peak load, whereas the bottom 0.2 m of the 296 ice contributes virtually no compressive stress for the reference event, there is a 297 considerable contribution for the -/+600 kPa event. 298 Figure 8c shows more clearly how the stresses evolve at both the bottom of the 299 ice sheet and the top of the ice sheet. At the bottom, the +600 kPa reduces 300 continuously to +537 kPa through stress relaxation due to creep. At the top of the ice 301 sheet, the effect of the -600 kPa gradually (and completely) disappears over a period 302 of 4.5 hours (7:15 to 11:45). In summary, the effect of pre-compression in the bottom 303 portion of the ice is present at the time of peak load whereas the effect of pre-tension 304 at the ice surface has essentially vanished. 305
The results of numerical simulations of the multi-day event predict an increase of 306 1% and 4% in the peak load for the first and the second scenarios, respectively 307 (supplementary Figure S10) . The effect is much smaller here because the whole depth 308 of initially stress-free ice cover contributes to the load during the multi-day event. 
Conclusions 312
The present paper is one of a series by the authors and fellow contributors that 313 explores ice loads on dams. The paper uses a finite element model that simulates the 314 stresses in x-, y-and z-directions within an ice sheet as a function of imposed thermal 315 strain rates using different sets of model constants that rely on the experiments with 316 and without lateral confinement. Peak line loads from each of the models are 317 presented in the paper for four important ice load events measured in Canada. 
Further work 340
The results presented in this study do not account for all factors that influence and 341 limit ice loads on dams (Table 1 ). In interpreting the results and conclusions presented 342 here, we encourage engineers to carefully examine considerations that have been 343
documented by other researchers particularly using other methodologies. We will 344 attempt to address some of these issues in upcoming papers. We also encourage the 345 deduction of constitutive laws for ductile behavior of T1 and S2 ice types from 346 uniaxial and biaxial experiments on medium and large ice samples at strain rates 347 (different ratios between T1 and S2 ice types: 0%/100%, 50%/50%, 90%/10% of the 457 ice cover). 458 and S2 ice types: 0%/100%, 50%/50%, 90%/10% of the ice cover). 
Parameters shared by S-UC, F-UC and F-FC models transversely isotropic material). The elastic constants for ice are given in the Table   A1 . Here and further, definitions of symbols are given in the Table A2 .
Delayed elastic strain and viscous strain are calculated using the method of equivalent-stress/equivalent-strain (ANSYS 2013). The method consists of three following stages.
1) Equivalent stress calculation:
( ) 
where m i -coefficients are given in the Table A1 .
2) Equivalent creep strain calculation: The creep part of Sinha's 1D equation in the Table 2 is used for the equivalent creep strain calculation at any given time step (Remark A1): 
